We report the first sex-linked loci in Oncorhynchus mykiss (rainbow trout). Previous cytological and breeding experiments have demonstrated an XX/XY sex determining system in this and other salmonid species, Joint segregation data from fathers indicated an average of 8.1 per cent recombination between HEX-2 and the sex determining locus (SEX). The average recombination between HEX-2 and sSOD-1 in fathers was 26.8 per cent. No evidence of non-random segregation of HEX-2 and sSOD-1 was found in mothers; this difference in recombination rates between males and females is concordant with previous studies with rainbow trout and other salmonid species. These results also suggest the possibility that proper chromosomal pairing and segregation in salmonid males does not require a crossover event. Unlike the extreme XX/XY heteromorphy in mammals, functional alleles for HEX-2 and sSOD-1 occur on both the X and Y chromosomes. Significant non-random associations (i.e. gametic disequilibrium) occur between genotypes at HEX-2 and SEX in the hatchery population used for the inheritance study. This gametic disequilibrium has resulted in large changes in allele frequency at HEX-2 from one generation to the next and an excess of heterozygotes in comparison to expected binomial (i.e. Hardy-Weinberg) proportions.
Introduction
Inheritance studies of enzyme loci have revealed a variety of sex-determining genetic systems in vertebrates (Adkins-Regan, 1985) . The familiar extreme heteromorphic XY male system conserved in all mammal species is exceptional. Fish, amphibians, and reptiles all show a wide variety of sex determining systems (Bull, 1983) . A female heterogametic ZW system is conserved among bird species; however, one of the two reported Z-linked enzyme loci in birds has been found to have a functional counterpart on the W-chromosome (Morizot et al., 1 987) . Muller (1914) proposed that the evolution of heteromorphic sex chromosomes involved the suppression of crossing-over between a proto-X and proto-Y. Crossover suppression can evolve through the action of modifier loci that reduce recombination between the sex-determining regions and a syntenic locus when there is a selectively maintained sex differ-*Correspondence 498 ence in allele frequencies at the syntenic locus (Charlesworth & Charlesworth, 1980 ). The Y chromosome may then degenerate owing to an accumulation of lethal mutations that are shielded from homozygosity by their counterparts on the X chromosome, without the remedying effects of X-Y recombination (Charlesworth, 1991) . Complete crossover suppression between sex chromosomes, however, is not advantageous because some pairing is required for precise disjunction during male meiosis (Koller & Darlington, 1934) . This necessity for X-Y pairing accounts for the presence of a homologous segment between the human X and Y that derives its name from a mode of inheritance caused by obligate X/Y exchange: the 'pseudoautosomal' region (Burgoyne, 1986) . Pseudoautosomal regions that undergo recombination during male meiosis also have been described in the chimpanzee (Weber et al., 1988) and mouse (Keitges et al., 1985) .
Both male and female heterogamety are common in fish species (reviewed in Ebeling & Chen, 1970; Gold, 1979; Bull, 1984; Price, 1984) . In at least one instance, there is a polymorphism for male and female heterogamety within populations. There are three sex chromosomes in the platyfish (Xiphophorus inaculatus); in most populations of this species, there are three types of females (WY, WX and XX) and two types of males (XY and YY) (Kallman, 1973) .
Fishes of the family Salmonidae have been a frequent subject for evolutionary genetic investigation because of their autopolyploid ancestry (Allendorf & Thorgaard, 1984) . Cytological differences indicate that males are the heterogametic sex in this family (reviewed in Hartley, 1987 ). These observations have been supported by all-female gynogenetically-produced progeny and breeding experiments with sex-reversed females (Donaldson & Hunter, 1982) .
In spite of a relative wealth of linkage information in salmonids (May & Johnson, 1990) , there is little information on sex-linkage in these fish (May et a!., 1989) . X-linked loci are readily detected in mammals because the degenerate Y chromosome lacks functional alleles. This is likely to be untrue in salmonids because of the viability of YY individuals produced in sex-reversal studies (Chevassus et a!., 1988; Scheerer et a!., 1991) .
Moreover, no loci have been reported in salmonids that show different copy numbers or differences in allele frequency between males and females. Devlin et a!. (1991) recently have discovered a Y chromosomespecific DNA probe developed by subtractive hybridization in chinook salmon ( Oncorhynchus tshawytscha).
The purpose of the present study is to detect loci that are linked to the sex-determining factor in rainbow trout (Oncorhynchus mykiss). We describe two enzyme loci, HEX-2 and sSOD-1, in rainbow trout that are linked to a region that contains the major sex determining locus. We also describe significant changes in allele frequency from generation to generation and an excess of heterozygous genotype frequencies at HEX-2 in a hatchery population of rainbow trout that are a result of the sex-linkage.
Methods
Fish used in this study are from the Arlee stock of rainbow trout, maintained at the Jocko River State Trout Hatchery, Arlee, Montana. The history of the stock is presented by . Fish used as parents had their gametes removed at the hatchery and their tissues immediately sampled and electrophoresed in the laboratory to determine their genotypes at several enzyme loci.
Progeny were reared until an age when sex could be determined by examining the gonads under low power magnification (Lincoln & Scott, 1983; Malison et a!., 1986) . This was done 6 months after hatching, when the fish were more than 100 mm in length. Fish were stored frozen at -80°C until dissection.
Horizontal starch gel electrophoresis was used to identify the protein products for all gene loci. Gel preparation, buffers and staining procedures are those of Harris & Hopkinson (1976) and Allendorf et al. (1977) . We use the genetic nomenclature described for the identification of enzymes and enzyme loci of fishes (Shaklee et al., 1990) ; this system is modelled on the human nomenclature but has been modified to allow its use with the variety of fish species.
Four families initially were examined to detect sexlinked loci. The father of each family was chosen to be heterozygous for as many enzyme loci as possible. As males are the heterogametic sex, we expected to detect sex-linkage only when the father was heterozygous.
During the initial screening two isozyme loci, HEX-2 and sSOD-1, out of nine surveyed, showed statistically significant associations with phenotypic sex. All statistical tests performed on segregation ratios are based on exact binomial probabilities. The following loci, with enzyme name and E.C. number in parentheses, were also surveyed during the preliminary screening: EST-1 (esterase, 3.1.1.-); sIDDH (L-iditol dehydrogenase, 1.1.1.14); mIDHP-2 and sJDHP-1 (isocitrate dehydrogenase,
LDH-B2 (L-lactate dehydrogenase, 1.1.1.27); sMDH-B1,2 (malate dehydrogenase, 1.1.1.37); PGM-lr (regulatory locus for phosphoglucomutase (Allendorf eta!., 1983) , 5.4.2.2).
Hexosaminidase (HEX) has been intensively studied in humans because individuals with Tay-Sachs disease lack activity for one form of this enzyme. Multiple loci code for different forms of HEX (E.C. 3.2.1.52) in humans (Mahuran et al., 1985) . Two buffer systems were used to detect genetic variation at loci encoding HEX: an amine-citrate buffer (pH 6.1) described by Clayton & Tretiak (1972) and the pH 8.5 buffer of Ridgway et a!. (1970) . The positive, glucose-specific HEX strain described by Harris & Hopkinson (1976) was used with one alteration: a small amount of dimethyl sulphoxide (less than 1 ml) was used as the substrate solvent rather than ethyl alcohol. HEX activity was detected with both glucose-derived and galactose-derived staining substrates. This is indicative of beta-N-acetylhexosaminidase activity (E.C. 3.2.1.52; Calvo eta!., 1978) .
Genetic variation for cytosolic superoxide dismutase (E.C. 1.15.1.1; sSOD-1) was first described in rainbow trout by Utter & Hodgins (1971) . Cytosolic sSOD-1 activity predominates in liver tissue although activity is present in several other tissues (Allendorf eta!., 1977) .
The products of a second locus (sSOD-2) for this enzyme are present in homogenates from eye. Two common sSOD-1 electromorphs exist in rainbow trout and are present in the Arlee population (* 100 and *150) The inheritance of this variation in rainbow trout was first described by Utter eta!. (1973) .
Results

Hexosamin/dase
Results indicate that two loci encode HEX in rainbow trout. Evidence for the products of only a single locus (HEX-2) was found in fish large enough to be classified as male or female (greater than 100 mm). The strongest activity for the HEX-2 enzyme occurs in liver tissue although activity for the HEX-2 isozyme was also observed in tissue homogenates from gill, fin and kidney. Little or no HEX-2 activity was found in the other tissues that were examined (eye, muscle, heart, stomach and brain).
Another more cathodal zone of HEX activity was detected in homogenates from whole fry that had not yet absorbed their yolk sac (R. Danzmann, personal communication). All individuals examined had a single band of activity for this form of the enzyme regardless of their genotype at HEX-2; thus, this zone is apparently encoded by a distinct locus (HEX-I). No activity for the enzyme produced by this locus was detected in fish after absorption of the yolk sac.
Three HEX-2 alleles were found in the Arlee population (*100, *75 and *80, on the basis of relative electrophoretic mobility). Heterozygotes at this locus show a three-banded pattern typical of a dimeric enzyme. The relatively slight difference in mobility between the two slower alleles was not recognized in our earlier studies with this locus; in addition, *75/80 heterozygotes were not used to test inheritance in this study because of the difficulty in distinguishing some of the resulting progeny phenotypes (e.g. *80/100 versus *75/100). In order to present genotypes more clearly in the tables, A and A' designate alternative alleles at HEX-2; A always refers to the *100 allele but A' refers to either the *75 or *80 allele. Similarly, B and B' have been used to designate the *100 and *150 alleles at sSOD-I.
Joint segregation HEX-2 phenotypes of progeny were consistently associated with sex when the father was heterozygous (Table 1 ). The less frequent linkage class was assumed to be recombinants if the null hypothesis of independent assortment between HEX-2 and sex in the progeny was rejected (i.e. exact binomial probability <0.05); for example, in family Ml it is assumed that the A allele was on the paternal Y chromosome and the A' allele was on the paternal X chromosome (Nordheim et a!., 1983) . A significant association between HEX-2 and sex was found in one of four families in which only the maternal parent was heterozygous at HEX-2 (M2). However, this deviation is not statistically significant if corrected for the five independent tests of this association (Rice, 1989) . Both parents were heterozygous at HEX-2 in family L25. The significant association between HEX-2 and sex in these progeny was assumed to be caused by linkage in the father. If the A' allele were on the Y chromosome in the father then A'A' females would be under-represented in the progeny. Progeny heterozygous at HEX-2 were ignored in the classification as parental or recombinant type in the progeny because of the ambiguity of determining which allele was inherited from which parent.
The sSOD-1 phenotypes of progeny tended to be associated with sex when the father was heterozygous in those families that allowed pairwise analysis of sex and sSOD-1 (Table 2 ). All analyses were performed as described above for associations between HEX-2 and sex. This association between sSOD-1 and sex was confirmed in the three-point test crosses that are presented later.
A series of crosses was made to estimate the rate of recombination between HEX-2 and sSOD-1 in both males and females. These progeny were sampled before they were large enough to determine their sex. The null hypothesis of independent assortment can be rejected in all four families in which the father was heterozygous for both HEX-2 and sSOD-1 (Table 3) . However, there is no indication of non-independent assortment when the mother was doubly heterozygous (Table 3) .
Some joint-segregation results in salmonids have shown an excess of recombinant over parental types.
The process responsible for this result, known as pseudolinkage, results from meiotic abnormalities due to the ancestral tetraploidy of salmonid species (Wright et al., 1983; Allendorf & Thorgaard, 1984) . We tested for pseudolinkage by mating two males heterozygous at HEX-2 and sSOD-2 with known linkage phase (A B/ A'B') to doubly homozygous females. These progeny were sampled before their sex could be determined. A significant excess of parental types as HEX-2 and sSOD-1 occurred in both families (Table 4 ). This suggests that the non-random segregation between these loci results from classical linkage and not pseudolinkage.
Three-point test crosses Five males heterozygous for HEX-2 and sSOD-1 were used to construct five three-point test crosses to determine gene order (Table 5 ). Eight classes of progeny resulted from these three-point crosses: two parental classes, four single crossover classes and two double crossover classes. The most frequent classes were assumed to be the parental types (i.e. the result of no crossovers). The parental gamete types were designated as X A B and Y a b to reduce the number of The results of the three-point test crosses do not allow us to determine the gene order. Double crossovers are expected to be less frequent than either of the single crossover classes. However, two of the crossover classes are approximately equally frequent in the five three-point families (Table 5) . Thus, HEX-2 and SEX are very near each other, and both of these loci are somewhat distant from sSOD-1. These results are surprising in view of the high interference values reported for female rainbow trout (Allendorf et at., 1986) ; this would suggest that there is less interference in male than there is in female rainbow trout.
Genotypic distributions in the population
Linkage with a sex-determining locus will affect the genotypes at another locus if there are differences in allele frequency between males and females. Such differences between the sexes may arise by hybridization, genetic drift in small populations or natural selection. The rate of decay of non-random associations (i.e. gametic disequilibrium) between the sex locus (SEX) and another locus will depend only on the rate of recombination (r) in males because females will always be homozygous (XX) at the sex determining locus.
We need to follow three alleles' frequencies (pf, px and py) to describe expected genotypic frequencies at a sex-linked locus in which functional alleles are present on both the X and Y chromosomes (Clark, 1988) Daughters receive half of their X chromosomes from their mothers and half from their fathers. Therefore,
We can use these equations to predict changes in genotype frequencies from generation to generation. Figure 1 shows expected changes in allele frequencies in females and males in the case where the initial frequencies are pf= 1 and pm =0 for three different amounts of recombination. We can see two different processes coming to equilibrium in this figure. The difference in allele frequencies on the X chromosomes in males and females is approximately halved each generation, regardless of the amount of recombination; this is the familiar result in XX/XY systems in which there are no functional alleles on the Y chromosome. The second process is the equalization of the allele frequencies on the X and Y chromosomes in males which is delayed by decreased recombination between the locus in question and SEX (Fig. 2) . : ::
Allele frequency differences between males and females will result in an excess of heterozygous progeny relative to binomial (i.e. Hardy-Weinberg) expectations. We would therefore expect to find an excess of heterozygotes at sex-linked loci that differ in female and male allele frequencies. The heterozygous excess in females depends on differences in pf and px which will decay at a rate of approximately 50 per cent each generation (Fig. 2) . The heterozygous excess in males depends on differences in pf and py which can decay at a much slower rate with tight linkage (Fig. 2) .. Therefore, heterozygous excess due to allele frequency differences between the sexes is expected to be greater in males than in females.
We can see all of these effects at HEX-2 in the Arlee population of rainbow trout (Table 6 ). It is difficult to interpret these results precisely with regard to the above expectations because of overlapping generations in the Arlee population; i.e. the parents of any individual cohort usually consisted of 2-year-old males and 3-year-old females. The equations above are all based on the assumption of non-overlapping generations.
Nevertheless, we can see large differences in allele fre- <0.05; ** <0.01; ***<0.001.
quency in males and females from generation to generation and a tendency for an excess of heterozygotes. However, the excess of heterozygotes is statistically significant in only a single case.
Discussion
Sex-linkage of HEX-2 and sSOD-1
Significant non-random associations between HEX-2 and sSOD-1 were found in 10 of the 11 families for which the father was doubly heterozygous (Table 7) ; the probability of the distributions observed in the other family (Q5) is less than 0.06. If we include this family in our calculations, the average recombination rate between HEX-2 and sSOD-1 in males is 0.26 8. May and Johnson (1990) have reported that HEX-2 and sSOD-1 are also linked in salmonid fish in the genus Salvelinus; they report recombination rates of 0.15 and 0.27 in two crosses using male interspecific hybrids between brook trout (S. fontinalis), lake trout (S. namaycush) and Arctic char (S. alpinus). However, May et al. (1989) report that the loci encoding hexosaminidase and superoxide dismutase are not linked to sex in crosses of hybrids between brook trout and lake trout.
There is no evidence of non-random segregation of HEX-2 and sSOD-1 in mothers (Table 3) . However, the greater recombination rate in females does not appear to be associated with or a result of the linkage with SEX. Previous salmonid linkage studies have shown that recombination rates are generally greater in females than males (Johnson et al., 1987; May & Johnson, 1990) . Reduced autosomal recombination in the heterogametic sex is often observed (Bull, 1983; although see Burt etal. 1991) .
These data indicate that HEX-2 and sSOD-1 are both on the chromosome carrying the major sex-determining locus (SEX) in rainbow trout. Significant nonrandom association between HEX-2 and SEX was found in every family for which the father was heterozygous at HEX-2 (Table 7) . The mean recombination rate between SEX and HEX-2 in 10 families is 0.081.
Gene-centromere mapping via half-tetrad analysis of gynogenetically produced progeny (Allendorf et a!., 1986) has indicated that HEX-2 in rainbow trout is near the centromere (0.017 recombination in females) and that sSOD-1 is distal (0.497 recombination in females). The proximity of SEX to the centromere in rainbow trout is in agreement with cytogenetic results (Thorgaard, 1977; Lloyd & Thorgaard, 1988) and evidence from other species of fish (reviewed in Gold, 1979) . These data also suggest the intriguing possibility that chromosomal segregation in male salmonids does not necessarily involve reciprocal recombination (crossingover). In most organisms, there is at least one crossover event between each pair of homologous chromosomes because crossing-over is required to ensure proper pairing and segregation (Baker et al., 1976; Kaback et a!., 1992) . Our haif-tetrad analysis of sSOD-1 has indicated virtually complete interference in females on this chromosome in this strain of rainbow trout; 340 of 344 gynogenetic progeny from females heterozygous at sSOD-1 were heterozygous (Allendorl et al., 1986) .
Thus, there appears to be exactly one crossover on this chromosome in females 99 per cent of the time. Yet, there is greater recombination in females than in males on this chromosome. This suggests that a substantial proportion of the meiotic events for this chromosome in males does not involve a recombinant event.
Sex chromosome evolution in salmonids Heteromorphic sex chromosomes have been detected in three salmonid species: the rainbow trout, the sockeye salmon (Oncorhynchus nerka) and the lake trout. The heteromorphism in rainbow trout is in the size of the short arm of one of the subtelocentric chromosomes; this arm is reduced in length in the putative Y chromosome (Thorgaard, 1977) . The difference in arm size between the X and Y chromosomes might result *** <0.001. from a pericentric inversion. In addition, Lloyd & Thorgaard (1988) have described heavy centromeric C-banding on the X chromosome that is much lighter on the Y chromosome. The arm length heteromorphism is not fixed in all populations (Thorgaard, 1983; Ueda & Ojima, 1 984b) . Furthermore, a polymorphism for the length of the arm occurs within some populations (Thorgaard, 1983) . Thorgaard (1983) has suggested that some isolated populations of rainbow trout have retained the primitive characteristic of undifferentiated sex chromosomes whereas most populations have a high frequency of a rearrangement that cytologically differentiates the X and Y chromosomes.
A centric fusion apparently has occurred in sockeye salmon between the Y chromosome and an autosome to form a metacentric chromosome (Thorgaard, 1978; Ueda & Ojima, 1984a) . This sex determining system of X1X2Y in males and X1X1-X2X2 in females is consistent with the tetraploid origin of salmonids. It also appears that there is an intraspecific polymorphism in sockeye salmon (reviewed in Thorgaard, 1978) . These results are consistent with a location for SEX near the centromere because the fusion difference between males and females would not be maintained if there were crossing over.
The heteromorphism in lake trout occurs in the Qand C-banding pattern of the largest pair of submetacentric chromosomes (Phillips & Ihssen, 1985 Arctic char backcrossed to brook trout. These loci are not associated with sex in hybrids between brook trout and lake trout; this is in contrast to the general pattern of strong conservation of linkages among salmonids.
On this basis, these authors conclude that the sexlinkage of these three loci is caused by a chromosomal rearrangement (i.e. centric fusion) that is unique to the Arctic char: a chromosomal arm responsible for sex determination has fused with an autosome containing the three enzyme loci.
Genotypic distributions of loci linked with SEX
The Arlee hatchery population of rainbow trout was created approximately 15 generations ago by hybridizing two populations . This suggestion is supported by the pattern of genetic variation observed at approximately 15 polymorphic allozyme loci unpublished data) . Thus, the non-random association between HEX-2 and SEX in this population is possibly a result of this originating hybridization event.
We suggest that more careful examination of population data may indicate other loci that may be sex-linked in salmonids. This is especially true if the genotype frequencies can be examined separately in males and females. Any locus that demonstrated a tendency for an excess of heterozygotes (especially in males) or a tendency for greater than expected allele frequency changes from generation to generation (relative to other loci) would be a likely candidate for sex-linkage. Such linkage should be verified by inheritance experiments.
